Background: Cigarette smoking is responsible for 5 million deaths worldwide each year, and is a major risk factor for cardiovascular and lung diseases. Cigarette smoke contains a complex mixture of over 4000 chemicals containing 10 15 free radicals. Studies show smoke is perceived by cells as an inflammatory and xenobiotic stimulus, which activates an immune response. The specific cellular mechanisms driving cigarette smoke-induced inflammation and disease are not fully understood, although the innate immune system is involved in the pathology of smoking related diseases.
Introduction
According to the World Health Organisation, approximately 5 million people die each year as a result of smoking cigarettes (http://www.who.int/mediacentre/factsheets/fs339/en/index. html). Smoking represents the second largest global disease burden [1] , and is accountable for 90% of lung cancers [2] . It is the leading risk factor for chronic obstructive pulmonary disease (COPD) [3] , and is a major risk factor for cardiovascular disease [4] , which is the leading cause of death worldwide [1] . Despite the link between cigarette smoking and disease, the biological mechanisms by which cigarette smoke is associated with inflammation and disease are not fully understood.
Cigarette smoke contains approximately 10 15 free radicals/puff [5] and 4000 different chemicals, including several known carcinogens [6] . Exposure to cigarette smoke causes oxidative stress [7] and is linked to both activation and inhibition of the innate immune system [8] . Hydrocarbons in smoke, for example, bind receptors on endothelial, epithelial and immune cells, causing modifications to metabolic pathways that can result in tumour formation [6] . Similarly, b-aldehydes in smoke are linked to activation of macrophages, which promotes inflammation that is associated with the pathogenesis of COPD [9] . Furthermore, oxidants in cigarette smoke are linked to DNA damage, modification of intracellular signalling, and lipid peroxidation [10] . This highlights the wide-range of effects that the different components of cigarette smoke can have on cells in the body. The cellular processes leading to these effects are currently the subject of intense research.
The acute exposure to cigarette smoke induces an inflammatory response, typified by the recruitment of neutrophils and macrophages in the broncheoalveolar lavage fluid (BALF) in animal models [7, 10] and human smokers [11, 12] . This corresponds with release of inflammatory mediators, such as the neutrophil chemoattractants interleukin 8 (CXCL8) and tumour necrosis factor alpha (TNF-a), which are elevated by smoke in vivo and in vitro [13, 14, 15] . The intracellular mechanisms by which cells respond to acute smoke have been linked to the transcription factors nuclear factor kb (NF-kb) [16] , nuclear factor erythroid-derived related factor 2 (Nrf2) [13, 17] and activator protein-1 (AP-1) [13] . Furthermore, recent studies have demonstrated a role for the innate immune receptors Toll-like receptor 2 (TLR2) and TLR4 in the sensing of oxidants in smoke [18, 19] .
Monocytes play an important role in the pathogenesis of smoking-related diseases such as COPD [20] , and are involved in cardiovascular diseases such as atherosclerosis [21] . Previous research within the group has identified that the acute response of monocytes to cigarette smoke is characteristic of the inflammatory response [13] , and that oxidants in smoke may be sensed by TLRs [19] . We hypothesized, therefore, that cigarette smoke would be sensed by monocytes as an injurious stimulus, resulting in the upand down-regulation of genes associated with immune, inflammatory and oxidative stress pathways. In the current study therefore, a transcriptomics approach was used to assess gene expression changes induced by acute cigarette smoke exposure in the human monocytic cell line, THP-1 cells, and primary human peripheral blood mononuclear cells (PBMCs). THP-1 cells were used as we have previously shown that they respond to a smokeinduced stimulus. We therefore aimed to identify genes and gene networks significantly increased or decreased by cigarette smoke. Furthermore, our aim was to identify a list of genes that can be validated and investigated in future studies, to potentially find and understand the role of novel genes involved in the response to cigarette smoke.
Results

Pre-processing and analysis of raw and normalized global gene expression data
Two time points were chosen based on previously published data from our group and others. 8 hours corresponded to maximum RNA levels of our positive control gene, IL-8 [13] , and 24 hours was chosen as this is a time point that we have used previously for mediator expression of heme oxygenase 1 and TNFa [13, 22] . RNA from THP-1 monocytes and PBMCs treated with control medium (n = 3-6), 3% CSE-conditioned medium (n = 3) and 10% CSE-conditioned medium (n = 3-6) was hybridized to the Illumina HumanRef-8v3 BeadChip array. Box-whisker plots of raw signal intensity values for each sample showed that the distribution of intensities in each data set was similar for both THP-1 cells and PBMCs. Quantile normalization of the complete dataset made the distribution profiles of all samples identical within each cell type. Very stringent filtering was used to select only probe sets that were measured as ''present'' or ''marginal'' in all samples, and resulted in a dataset of 15234 probe sets for THP-1 cells and 18689 probe sets for PBMCs that were suitable for further analysis. All data is MIAME compliant and all results have been deposited on the ArrayExpress database (http://www.ebi.ac. uk/cgi-bin/microarray/magetab.cgi) under the experimental title ''inflammatory transcriptome profiling of human monocytes exposed acutely to cigarette smoke''. Raw bead studio export text files for both THP-1 cells and PBMCs are available as Data S1 and Data S2 respectively.
Gene expression patterns in THP-1 cells treated with 10% CSE or control media
Principle component analysis, using 3 principle components (selected by the elbow method) are represented as 3D scatterplot (Figure 1) , and show that all samples treated with 10% CSE clearly stratify away from those of control media, indicating detectable differences in the gene transcription patterns of these two groups.
The effect of 10% CSE on THP-1 monocytes: genes differentially expressed by $1.5-fold Fold change analysis followed by students t-test and BenjaminiHochberg FDR correction identified 117 genes that were significantly altered by $1.5-fold in THP-1 monocytes treated with CSE versus controls. 80 of these genes were upregulated ( Figure 2 ) and 37 downregulated (Figure 3 ). Hierarchical clustering analysis of conditions using Pearson's centred rank correlation distance metric and Ward's linkage rule on the entire 24526 probe sets distinguished controls from smoke-treated samples. Gene symbols displayed more than once represent transcript variants of the gene.
The effects of 10% CSE on THP-1 monocytes: genes differentially expressed by $2-fold Fold change analysis with unpaired t-tests and BenjaminiHochberg FDR correction identified 31 genes that were significantly altered by $2-fold in THP-1 monocytes treated for 8 hours with cigarette smoke versus controls. 27 of these genes were upregulated and 4 downregulated (Figure 4 ).
Gene expression patterns in PBMCs treated with 3 or 10% CSE or control media
Principle component analysis of PBMCs treated with 3 or 10% CSE, using 4 principle components (selected by the elbow method, to determine the true number of components that affect the data) is represented as a 3D scatterplot, where Figure 5A shows 8 hour samples and Figure 5B , 24 hours samples. When looking at both 8 and 24 hours after 10% CSE treatment, there is a clear stratification of samples compared with controls. As predicted by our previous in vitro data, there is a less clear difference between cells treated with 3% CSE and controls. This is visually represented by considerable overlap in samples from Figure 1 . THP-1 samples treated for 8 h with control media or 10% CSE group according to treatment conditions. THP-1 cells were treated for 8 h with control media or 10% CSE, RNA was extracted and gene expression values measured using HumanRef-8v3 Expression BeadChip arrays. Principal component analysis (PCA) by conditions was performed on GeneSpring GX 11.0.2 and represented as a 3D scatterplot of THP-1 monocytes treated with control media or 10% cigarette smoke extract (CSE) for 8 hours from 6 individual experiments.. The PCA plot showed that samples clustered based on their treatment with medium (blue) or 10% CSE (red). Data represent n = 6. Component % variance; PC1 = 81.7%, PC2 = 14.1%, PC3 = 4.2%. RNA was extracted from each sample and gene expression values measured using 2 HumanRef-8v3 Expression BeadChip arrays. This represents stratification according to treatment with 10% CSE (red) and media treated controls (blue) over 6 individual experiments. doi:10.1371/journal.pone.0030120.g001 Figure 2 . Expression of genes that were increased above a 1.5-fold cut-off in THP-1 monocytes treated with control medium or cigarette smoke extract (CSE) for 8 hours. THP-1 monocytes were treated for 8 hours with RPMI-1640 medium (control 1-6) or CSE (1) (2) (3) (4) (5) (6) . RNA was extracted from each sample and gene expression values measured using the Illumina HumanRef-8v3 BeadChip array. (A) Heat map these two groups. The difference between 10% CSE and the control group indicates detectable differences in the gene transcription patterns of these two groups, and justifies our choice of using a 10% CSE solution to look at the transcriptomic changes in monocytes.
The effects of 3 or 10% CSE stimulation of PBMCs after 8 hours Using a 1.5-fold cut-off, PBMCs stimulated with 3% CSE for 8 hours resulted in 4 genes significantly changed after analysis with unpaired t-tests and Benjamini-Hochberg FDR correction. 4 were upregulated with no genes downregulated. However, when looking at the cells activated with 10% CSE, there were considerably more genes altered, 405. Of these 206 were downregulated and 199 upregulated. To represent the top genes altered after 8 hours of CSE challenge, we chose a 3-fold cut-off.
Once again, as could be predicted by the principle component analysis, there were no genes altered after treatment with 3% CSE when analysed using unpaired t-tests and Benjamini-Hochberg FDR correction. However, in PBMCs treated with 10% CSE for 8 hours, 91 genes were changed significantly after stimulation with 10% CSE, of these 61 genes was up regulated and 37 down regulated ( Figure 6 A-C).
The effects of 3 or 10% CSE stimulation of PBMCs after 24 hours
Using a 1.5-fold cut-off, PBMCs stimulated with 3% CSE for 24 hours resulted in 3 genes significantly changed after analysis with unpaired t-tests and Benjamini-Hochberg FDR correction. 1 was upregulated and 2 were downregulated. However, when looking at the cells activated with 10% CSE, 617 genes were altered. Of these, 306 were downregulated and 311 upregulated.
representation of normalized signal intensity values for genes altered by $1.5-fold. Red denotes high expression and turquoise denotes low expression. Order of samples was dictated by hierarchical clustering. (B) Table showing gene symbol, fold change and p-value for all genes upregulated by $1.5-fold. Statistical significance (p,0.05) was calculated using student's t-test followed by Benjamini-Hochberg false discovery rate correction on GeneSpring GX11.0.2 software. Fold change represents a comparison between mean normalised signal intensity for control (n = 6) versus smoke (n = 6) treated THP-1 monocytes. Refer to Data S1 for full data sets and Entrez Gene IDs. doi:10.1371/journal.pone.0030120.g002 Figure 3 . Expression of genes that were decreased below a 1.5-fold cut-off in THP-1 monocytes treated with control medium or cigarette smoke extract for 8 hours. THP-1 monocytes were treated for 8 hours with RPMI-1640 medium (control 1-6) or CSE (1) (2) (3) (4) (5) (6) Statistical significance (p,0.05) was calculated using student's t-test followed by Benjamini-Hochberg false discovery rate correction on GeneSpring GX11.0.2 software. Fold change represents a comparison between mean normalised signal intensity for control (n = 6) versus smoke (n = 6) treated THP-1 monocytes. Refer to Data S1 for full data sets and Entrez Gene IDs. doi:10.1371/journal.pone.0030120.g003
To represent the top genes altered after 24 hours of CSE challenge, we chose a 3-fold cut-off. As predicted by the principle component analysis, no genes were altered by 3-fold after treatment with 3% CSE when analysed using unpaired t-tests and Benjamini-Hochberg FDR correction. However, in PBMCs treated with 10% CSE for 24 hours, 85 genes were significantly changed. Of these, 61 genes were upregulated and 24 genes downregulated (Figure 7 A-C).
Analysis of genes altered in 10% CSE groups in PBMCs after 8 and 24 hours
There were only a small number of genes elevated in PBMCs treated for both 8 and 24 h after analysis with one-way analysis of variance followed by a Tukeys post-hoc test and BenjaminiHochberg FDR correction. In the 8 hour group, 9 genes were elevated and 2 genes were repressed ( Figure 8A ). By 24 hours, 4 genes were upregulated and 3 downregulated ( Figure 8B ). The Table showing gene name, fold change and p-value for all genes downregulated by $2.0-fold. Statistical significance (p,0.05) was calculated using student's t-test followed by Benjamini-Hochberg FDR correction on GeneSpring GX11.0.2 software. Fold change represents a comparison between mean normalised signal intensity for control (n = 6) versus smoke (n = 6) treated THP-1 monocytes. Refer to Data S1 full data sets and Entrez Gene IDs. doi:10.1371/journal.pone.0030120.g004 majority of genes that were altered over both time points belong to the Nrf2-dependent family of inducible anti-oxidant genes.
Regulation of target genes; HMOX1, IL8 and TNF in THP-1 cells and PBMCs after stimulation with 3 and 10% CSE after 8 and 24 hours
We have previously shown that monocytes and macrophages stimulated with CSE results in increased levels of heme oxygenase 1, CXCL8 and TNFa [13, 22] . As way of a quality control, here we show that the genes for these products, HMOX1, IL8 and TNF, are elevated in both THP-1 cells ( Figure 9A ) and PBMCs ( Figure 9B ) at 8 h after treatment with both 3 and 10% CSE. By 24 h all three genes had returned to control levels in the 3% CSE group. In contrast, in the 10% CSE treated samples HMOX1 and TNF were elevated whereas IL8 gene expression was similar to controls ( Figure 9C ).
Ingenuity Pathway Analysis (IPA) of differentially expressed genes in THP-1 cells after 10% CSE exposure for 8 hours Cigarette smoking is a risk factor for a number of diseases such as COPD, cardiovascular disease, lung cancer and diabetes which have a number of different pathophysiological processes occurring. For this reason, we decided to examine pathways and processes that were affected by smoke in our model using functional pathway analysis tools. We first did a network analysis of genes significantly expressed over a 1.5 fold threshold ( Table 1 ). The pathways shown in Table 1 demonstrate that even a single exposure to 10% CSE results in the activation of genes that are associated with cellular damage and disease (Table 1) . Further analysis of genes associated with disease showed that CSE exposure was linked to inflammation, connective tissue disorders and respiratory disease. This fits with a linkage of cigarette smoke to the development of COPD. The molecular and cellular function analysis of these genes (Table S1 ) also suggests an altered cellular function favouring cell death and abnormal growth.
Ingenuity Pathway Analysis (IPA) of differentially expressed genes in PBMCs cells after CSE exposure for 8 hours
Network analysis of genes significantly expressed over a 1.5 fold threshold in PBMCs is shown in Table 2 . This demonstrates that even a single exposure to 10% CSE results in the activation of genes that are associated with inflammation, cellular damage and growth arrest (Table 2) . Further analysis of genes associated with disease showed that CSE exposure was linked to inflammation, infectious diseases and cancer. This fits with a linkage of cigarette smoke to the development of inflammation, increased infection and cancer. The molecular and cellular function analysis of these genes (Table S2 ) also suggests an altered cellular function favouring cell damage and abnormal growth.
Ingenuity Pathway Analysis (IPA) of differentially expressed genes in PBMCs cells after CSE exposure for 24 hours
Network analysis of genes significantly expressed over a 1.5 fold threshold in PBMCs is shown in Table 3 . By 24 hours, pathways shown in Table 3 demonstrate that there is the activation of protective pathways such as cell death and free radical scavenging. However, there is evidence of considerable intracellular damage, shown through the activation of genes involved in cell survival mechanisms such as cellular assembly and organisation, protein synthesis and cellular maintenance. In addition, clinical pathologies known to be associated with cigarette smoke were upregulated, such as cardiac function and cancer. Again further analysis of the CSE induced inflammation in PBMCs confers cigarette smokes involvement in inflammatory diseases, infection, dermatological conditions and other immune driven disorders (Table S3 ). Table showing gene name, fold change and p-value for all genes downregulated by $3.0-fold. Statistical significance (p,0.05) was calculated using student's t-test followed by Benjamini-Hochberg FDR correction on GeneSpring GX11.0.2 software. Fold change represents a comparison between mean normalised signal intensity for control (n = 3) versus smoke (n = 3) treated PBMCs. Refer to Data S2 for full data sets and Entrez Gene IDs. doi:10.1371/journal.pone.0030120.g007
A list of genes differentially expressed by $1.5-fold in THP-1 monocytes in response to 10% CSE was compiled on GeneSpring GX11.0.2 and uploaded onto IPA to identify canonical pathways represented by the $1.5-fold gene list. The ''Nrf2-mediated oxidative stress response'' pathway was the most significantly represented by genes in the gene list (p = 1.39610 25 ), and was over the threshold for ratio of genes represented in the gene list versus total genes in the pathway (8/188; Table 4 ). Similarly, the ''aryl hydrocarbon receptor signalling'' pathway was significantly represented (p = 2.21610
24
) and was just over the ratio threshold Figure 8 . Expression of genes that were changed in both 3 and 10% cigarette smoke extract by 1.5 fold or above compared to control in PBMCs. PBMCs were treated for 8 hours or 24 hours with RPMI-1640 medium (control 1-3), 3% CSE (1-3) or 10% CSE (1-3). RNA was extracted from each sample and gene expression values measured using the Illumina HumanRef-8v3 BeadChip array. (A) Heat map representing normalized signal intensity values and list of genes altered by $1.5 fold in PBMCs treated with both 3 and 10% CSE after 8 hours. Red denotes high expression and turquoise denotes low expression. Order of samples was dictated by hierarchical clustering. (B) Heat map representing normalized signal intensity values and list of genes altered by $1.5 fold in PBMCs treated with both 3 and 10% CSE after 24 hours. Red denotes high expression and turquoise denotes low expression. Order of samples was dictated by hierarchical clustering. Statistical significance (p,0.05) was calculated using one-way analysis of variants followed by a Tukey's post-hoc test and Benjamini-Hochberg FDR correction on GeneSpring GX11.0.2 software. Fold change represents a comparison between mean normalised signal intensity for control (n = 3) versus smoke (n = 3) treated PBMCs. Refer to Data S2 for full data sets and Entrez Gene IDs. doi:10.1371/journal.pone.0030120.g008 (6/141). ''Glucocorticoid receptor signaling'' was significantly represented (p = 1.01610
23
) and passed the ratio threshold (7/278). However, ''Airway pathology in chronic obstructive pulmonary disease'' was significantly represented (p = 1. 19610 23 ) but failed the ratio threshold (2/8). Pathway connections of genes involved in the top 5 canonical pathways, as determined by known experimental association, shows that TNF, IL8 and the oxidant activated enzyme NQO1 are the main molecular hubs in CSE -induced inflammation in these cells, suggesting that CSE is a potent oxidant ( Figure 10 ).
IPA canonical pathway analysis of differentially expressed genes in PBMCs cells after CSE exposure for 8 hours
A list of genes differentially expressed by $1.5-fold in PBMCs in response to 10% CSE was compiled on GeneSpring GX11.0.2 and uploaded onto Ingenuity Pathway Analysis to identify canonical pathways represented by the $1.5-fold gene list. As in THP-1 cells, ''Nrf2-mediated oxidative stress response'' pathway was the most significantly represented by genes in the gene list in PBMCs (p = 4.9610 212 ), and was over the threshold for ratio of genes represented in the gene list versus total genes in the pathway (22/188; Table 5 ). Similarly, the ''protein ubiquitination pathway'' was significantly represented (p = 8.02610 ). ''crosstalk between dendritic cells and natural killer cells'' was also significantly represented (p = 3.33610 24 ) with a threshold ratio of (8/91), suggesting activation of the adaptive immune system to CSE. Pathway associations of genes involved in the top 5 canonical pathways shows that, similar to THP-1 cells, TNF and the oxidant-activated enzyme NQO1 represent THP-1 monocytes were treated for 8 hours with RPMI-1640 control medium (n = 6) or 10% CSE-conditioned medium (n = 6). Genes that were significantly modified by $1.5-fold, as assessed using student's t-test followed by Benjamini-Hochberg FDR correction, were imported into Ingenuity Pathway Analysis software. The table shows the top 5 networks identified from genes differentially expressed by $1.5-fold in THP-1 monocytes treated with 10% CSE. doi:10.1371/journal.pone.0030120.t001 molecular hubs in PBMCs stimulated with CSE ( Figure 11 ). In addition, there appears to be a significant activation of the chaperone/ubiquitination/proteosome pathway, suggesting the presence of irrepairable protein damage/modifications.
IPA canonical pathway analysis of differentially expressed genes in PBMCs after CSE exposure for 24 hours
When the $1.5-fold gene list of PBMCs treated with 10% CSE was loaded into IPA, only the top two of the top 5 canonical pathways listed passed the significant threshold criteria. These were the same as for the 8 hour samples, however the order was reversed. The ''protein ubiquitination pathway'' now being the most significant (p = 3.13610 220 ) with a threshold ration of 48/ 269 and ''NRF2-mediated oxidative stress response'' pathway had a p = 1.6610
214 and a threshold of 31/188 (Table 6 ). This suggests that survival pathways had been upregulated in these cells. Similarly, to the 8 hour data the major genes upregulated were associated with the chaperone/ubiquitination/proteosome PBMCs were treated for 8 hours with RPMI-1640 control medium (n = 3) or 10% CSE-conditioned medium (n = 3). Genes that were significantly modified by $1.5-fold, as assessed using student's t-test followed by Benjamini-Hochberg FDR correction, were imported into Ingenuity Pathway Analysis software. The PBMCs were treated for 24 hours with RPMI-1640 control medium (n = 3) or 10% CSE-conditioned medium (n = 3). Genes that were significantly modified by $1.5-fold, as assessed using student's t-test followed by Benjamini-Hochberg FDR correction, were imported into Ingenuity Pathway Analysis software. The THP-1 cells were treated for 8 hours with RPMI-1640 control medium (n = 6) or 10% CSE-conditioned medium (n = 6). Genes that were significantly modified by $1.5-fold, as assessed using student's t-test followed by Benjamini-Hochberg FDR correction, were imported into Ingenuity Pathway Analysis software. The table shows the top 5 canonical pathways identified from genes differentially expressed by $1.5-fold in THP-1 cells treated with 10% CSE. The P-value for association of genes and the described canonical pathways, and the ratio of significantly differentially expressed pathway components compared to the total components in that pathway was generated using Fisher's exact test. doi:10.1371/journal.pone.0030120.t004 pathway, suggesting extensive cell damage ( Figure 12 ). However, since 98% of these cells were viable, there is the suggestion that these cells were pushed towards a cell survival pathway. To contextualise this finding, it is noteworthy to mention that THP-1 cells and PBMCs treated with 20% CSE results in more than 50% cell death (in house data; data not shown).
Database Searches
PubMed was used to establish which of the $2-fold genes identified in THP-1 cells in the current study were also differentially expressed in previous studies involving cigarette smoke (Table 7) . Of the genes that were differentially expressed by $2-fold in the current study, 17 have previously been shown to be affected by cigarette smoke at a gene-and/or protein-level. In most cases, genes reported in previous studies were regulated in the same direction as the current study, with the exception of TNF (upregulated in the current study and in [15, 23] but downregulated in [24] ). In contrast SERPINB2 was downregulated in THP-1 cell, but upregulated in PBMCs in this current study. The data on SERPINB2 in PBMCs is in-line with what has previously been shown [25, 26, 27] . Gene expression changes in previous studies were observed in a range of cells and tissues, including airway epithelial cells, lung tissue, macrophages and monocytes.
Discussion
There are over 10,000 papers on the effects of cigarette smoke in in vivo models and on isolated cell systems. Currently, however, there is considerable variation in the responses observed between studies, making it hard to draw useful conclusions [28] . Also, despite the clear link between cigarette smoke and disease we still know little about how smoke causes inflammation in man in vivo. In this study, we chose to use a single acute exposure to smoke in a human monocytic cell line, THP-1, and PBMCs.
In THP-1 cells, we identified a total of 80 genes that were significantly altered by more than 1.5-fold, and 33 genes significantly altered by more than 2-fold in response to smoke. Not surprisingly, our study shows that PBMCs are more sensitive to CSE activation than the THP-1 cell line, with a total of 617 genes upregulated in PBMCs compared with 117 genes significantly altered in THP-1 cells by $1.5 fold. The increased sensitivity of PBMCs to CSE, when compared with THP-1 cells has previously been seen for individual mediators such as CXCL8 [13] . We also show, through pathway analysis, that the response to cigarette smoke in THP-1 monocytes is driven by genes associated with oxidative stress, TNF and inflammatory pathways, which is similar to observations recorded in other cell types [29, 30] . The major genes pathways in PBMCs stimulated with CSE were similar in both cell types, with the induction of a predominantly anti-oxidant and TNF pathways at 8 hours. In THP-1 cells (8 hours), 10 genes have not previously been associated with the cigarette smoke exposure. These are RIT1, FTHL12, PANX2, FTHL7, C16orf28, FTHL3, SQSTM1, GPR18, LOC389816 and FLJ20489. Interestingly, 2 of these genes were significantly differentially regulated in PBMCs at 8 hours (RIT1 and SQSTM1) and 3 at 24 hours (RIT1, SQSTM1 and FTHL3). RIT1 is associated with tumorgenesis and SQSTM1 oxidative stress and TLR/IL-1 signal activation of NFkB. These results demonstrates that THP-1 cells may be a useful tool and an alternative to primary human monocytes in the dissection of some signalling processes induced by cigarette smoke.
We observed in both THP-1 cells and PBMCs an increase in oxidative stress response genes, like heme oxygenase 1 (HMOX1), NAD(P)H quinone oxioreductase 1 (NQO1), thioredoxin reductase 1 (TXNRD1) and cytochrome P450 genes (CYP1B1), which was consistent with previous studies of cigarette smoke [27, 31, 32, 33] . Furthermore, the observation that our target genes, IL8, HMOX1 and TNF were upregulated confirmed previous research within our group [13, 22] and documented by others [34] , indicating that cigarette smoke-induced gene expression changes in this study were characteristic of what is already known to occur.
The up-regulation of genes related to inflammation strengthens the evidence linking this pathway with the response to smoke [25, 29, 30, 33, 35] and also demonstrates that THP-1 cells can be used as a model for studying certain inflammatory profiles of cigarette smoke in primary human monocytes. We observed an up-regulation in the inflammatory mediators, IL8 and TNF, using the microarray. The release of CXCL8 and TNFa in response to PBMCs were treated for 8 hours with RPMI-1640 control medium (n = 6) or 10% CSE-conditioned medium (n = 6). Genes that were significantly modified by $1.5-fold, as assessed, using student's t-test followed by Benjamini-Hochberg FDR correction were imported into Ingenuity Pathway Analysis software. The table shows the top 5 canonical pathways identified from genes differentially expressed by $1.5-fold in PBMCs treated with 10% CSE. The P-value for association of genes and the described canonical pathways, and the ratio of significantly differentially expressed pathway components compared to the total components in that pathway was generated using Fisher's exact test. doi:10.1371/journal.pone.0030120.t005
smoke has been observed previously in primary monocytes, macrophages and airway smooth muscle cells [13, 14, 15, 23] , and may be crucial in the development of COPD, a disease characterized by inflammation. A number of pro-inflammatory and innate immune genes that have previously been associated with the cigarette smoke response, such as IL-1b [27] and IL-6 [36] , were not altered in our study. These are known to be early response genes, and may be a result of the time point chosen. In in vivo models performed within our group we expect to see the proteins at maximal levels within 2 hours. Furthermore, several studies show that smoke downregulates the expression of monocyte-derived macrophage genes associated with innate immunity and inflammation [33, 37] , and potentially has an immunosuppressive effect [38] , which may explain the increased susceptibility to bacterial infection in COPD patients. It is possible that the multi-component nature of cigarette smoke has varying effects on different immune pathways and cell types, which together contribute to the pathogenesis of COPD. However, both in THP-1 cells and PBMCs an activation of both innate immune genes and the adaptive immune system was observed using our preparation of CSE. The differences observed in other studies may be due to the use of different cell types and smoke treatment protocols. For example we have previously shown that CSE down regulates the inflammatory response in Type I pheumocytes [39] . It is worth noting that our study differs from many published studies in which macrophages were isolated from lungs of patients who smoked [33, 40, 41] . In many of these studies, macrophages were profiled so that the clues to the pathogenesis of COPD could be identified. In contrast, in this study we have looked at smoke on naive monocytes in an attempt to understand the possible initiating factors that may contribute to the pathogenesis of smoking related disorders such as COPD and cardiovascular disease. The large number of oxidative stress and xenobiotic metabolism genes altered in the current study is consistent with the notion that the oxidative burden caused by repetitive, long-term smoking may contribute to the pathogenesis of COPD. HMOX1, NQO1, CYP1B1 and TXNRD1 in particular have frequently been associated with cigarette smoke in transcriptomic studies in other experimental models [42, 43, 44, 45] . Oxidative stress is associated with the pathogenesis of COPD through mechanisms including the oxidation of arachidonic acid to isoprostanes, which cause bronchoconstriction and release of plasma exudate [20] Furthermore, by modifying carcinogens into active, mutagenic metabolites, NQO1, CYP1B1 and EVL have been implicated in the pathogenesis of human tumours [27, 46] .
A possible reason that cigarette smoke is well tolerated by the immune system is alluded to in our data -although cells were 98% viable at both 8 and 24 hours, signs of significant protein modification were observed. Even at 8 hours after a single stimulation with CSE, PBMCs have upregulated significant cell survival mechanisms, including inducible anti-oxidant mechanisms (Nrf2 regulated genes), chaperone/protein re-folding systems (HSPs) and the induction of many components of the ubiquitination/proteosome system (removal of damaged proteins). In addition, TAP1 is induced, which is involved in pumping degraded cytosolic peptides across the endoplasmic reticulum system. It is possible that although PBMCs are pushed down a cell survival route, they may contain residual damaged proteins or miss repaired DNA, which are known to be precursors of inflammation and cancer. Interestingly, by 24 hours the ubiquitination/proteosome system predominates and there are signs of adaptive immune activation as evidenced by increased IFN signaling and induction of a number of HLA cell surface receptors. Our results, therefore, provide a useful insight into possible molecular mechanisms behind cigarette smokeinduced diseases.
A recently developed hypothesis is that monocytes and macrophages change their profile from a pro-inflammatory phenotype (M1) to a tissue remodelling phenotype when in diseased tissue [41, 47] . It has also been shown that in COPD patients there is a polarisation towards an M2/remodelling phenotype [41] . In our study, a number of M1 genes (CD69, TNF, TNFSF10, BBP4) are upregulated after 8 hours CSE exposure. After 24 h the profile is still balanced towards a proinflammatory phenotype, with IRF1 and CD69 still upregulated, though there is evidence of anti-inflammatory activity with increased expression of IL-10. The differences between our study and the studies by Morris et al [44] and Shaykiev et al [45] may be due to the different cell types looked at -macrophages and monocytes -and that in our study, cells were only exposed to one cycle of cigarette smoke. It can be envisaged that repeated exposure to cigarette smoke could push monocytes towards an M2 phenotype.
In the present study it is possible that a change in the phenotype occured between the 8 and 24 hours time point. This was evident by the induction in adaptive immune genes, linked to antigen presentation pathway, IFN signaling and aldosterone signalling (Table 6 ). Interestingly, the induction of different HLA complexes in our mononuclear cells indicates an activation of monocytes towards an antigen presenting pathway within the peripheral blood. Monocytes in the blood are capable of differentiating into macrophages or dendritic cells [48] . In the current study, this possibility is confirmed by pathway analysis of genes in PBMCs, where there was a significant alteration in genes associated with ''crosstalk between dendritic cells and natural killer cells''. This, one can envisage, leads to lymphocyte activation by the presentation of cigarette smoke-derived epitopes to B-and Tcells. Evidence from this study to support this phenomenon is the observed increase in IFN signalling, an event associated with lymphocyte activation. This process can result in immune tolerance (after repeated exposure), which could explain why cigarette smoking is usually well tolerated and can take decades before adverse effects clinically manifest themselves. Alternatively, immune activation can occur which is clearly evident in smoking related diseases such as atherosclerosis and COPD. The likelyhood is that both processes are occurring in people that smoke cigarettes.
In the current study SERPINB2 was downregulated in THP-1 cells but upregulated in PBMCs. This gene codes for the serine peptidase inhibitor plasminogen activator inhibitor 2 (PAI2), which acts by inhibits urokinase plasminogen activator. It is worth noting that tumour metastasis correlates with plasminogen activity due to the degradation of the extracellular matrix by the plasminogen product, plasmin [49] . PAIs are Figure 11 . Top 5 canonical pathway gene interactions in PBMCstreated with 10% CSE for 8 hours. The top 5 canonical pathways identified from genes differentially expressed by $1.5-fold in PBMCs treated with 10% CSE. RNA was extracted from each sample and gene expression levels were measured using the Illumina HumanRef8-v3 BeadChip Array.Genes that were significantly modified by $1.5-fold as assessed using student's t-test followed by Benjamini-Hochberg FDR correction were imported into Ingenuity Pathway Analysis software. Interactions of these genes are represented in the schematic as determined by experimentation in human cells. doi:10.1371/journal.pone.0030120.g011
prognostic markers for breast cancer, with PAI2 expression in breast cancer patients being linked with increased survival [49] . Another inhibitor of protease activity, TIMP1, was significantly downregulated in PBMCs. This enzyme inhibits the activity of tissue metalloproteinases, which are known to degrade structural tissue matrix components. These zinc-dependent neutral endopeptidases have been associated with cancer and COPD [50, 51] .
In conclusion, we use microarray technology to show that CSE causes significant transcriptomic changes in THP-1 monocytes and PBMCs. A number of studies have also used transcriptomics to study the impact of acute cigarette smoke exposure on other human cells, and observed changes in antioxidant and immune genes that are consistent with our findings [33, 52, 53] , whilst other studies report immunosuppressive effects of cigarette smoke in human cells [37] . Such differences may relate to cell type, strength/duration of smoke stimulation, and analysis/interpretation of data, and illustrate the problems in defining meaningful conclusions from analysis of large datasets. Nevertheless, our findings provide insight into the possible mechanisms by which smoke provokes the inflammation that is characteristic of smokingrelated diseases, such as COPD. This study provides 10-20 genes to validate and investigate in whole body smoke-induced inflammation, to see if these genes are important in a more complex environment.
Materials and Methods
Ethics Statement
Human blood for the isolation of PBMCs was taken after ethical consent from healthy volunteers. This part of the study was covered by Ethics held by Mark Paul-Clark and granted by The Royal Brompton Ethics Committee, project entitled ''Role of <to ensure continuity between batches. In all experiments nitrite levels in 100% cigarette smoke extract was between 12 and 16 mM. It is worth noting that CSE (1-100%) made using this method does not contain detectable levels of bacterial antigens for TLR4 (endotoxin; measured by the Eotoxate TM , Sigma, Poole, UK) or TLR2 (LTA; measured by in house ELISA).
Treatment of Cells
THP-1 monocytes were plated at a density of 1610 6 cells/ml onto 6-well plates and allowed to equilibrate for 16 h before being treated for 8 h with fresh 10% CSE or RPMI-1640 as described previously [13] . After 8 h, RNA was then extracted using RNeasy TM (Qiagen, Sussex, UK) as described in the manufacturers' handbook. A control and a CSE sample set were prepared on each day for three consecutive days using fresh reagents on each day. The first 3 sample sets (n = 1-3) were prepared and analysed 3 months before the second set (n = 4-6).
Gene Array
Total RNA was subject to standard microarray procedures. Samples were converted to cDNA, labelled, and hybridized to the Illumina HumanRef-8v3 BeadChip array (Illumina, UK). Quality control and basic interpretation of data was performed at St Bartholomew's and The London Genome Centre (BLGC), Queen Mary, University of London before datasets were received for further analysis.
Data Analysis
Analysis of datasets was performed using GeneSpring GX 11.3 (Agilent Technologies). Raw data were pre-processed to remove variability across and within array samples. To minimize nonbiological variability across arrays, raw data were first log 2 transformed and then quantile normalized [55] , which is the recommended normalization algorithm for Illumina BeadChip array analyses [56] . Normalization at the level of genes was performed on GeneSpring GX 11.3.
Samples were sorted into conditions based on the treatment applied: controls 1-6 and CSE 1-6 for THP-1 cells, and for PBMCs; controls 1-3, 3% CSE 1-3 and 10% CSE 1-3. It is important to note that for the PBMCs samples control 1, 3% CSE 1 and 10% CSE 1 were all from the same donor. Very Stringent filtering of the dataset was performed by selecting only the genes that had detectable signal intensity value in all samples (filter by flags present in all samples). Fold change differences between control-and CSE-treated samples were calculated using cut-offs of 1.5-, 2-fold and 3-fold for statistically significant genes. These genes were USP14, PSMA3, PSMD7, DNAJB4, HSPA1A/HSPA1B, UBR2, PSMB8, DNAJA1, TCEB1, TAP1,  PSMB6, UBE2F, HSP90AB1, HLA-A, PSMD14, DNAJB1, PSMC2, PSMB4, PSMB9, UBB, PSMB5,  HSPH1, USP38, HSPA9, PSMC4, PSMD6, PSMA1, DNAJB9, UBE2L6, PSMD8, HSPA8, PSMB7,  PSMC1, HSCB, PSMB2, PSMD2, PSMD12, PSMA4, PSMD1, DNAJB6, PBMCs were treated for 24 hours with RPMI-1640 control medium (n = 6) or 10% CSE-conditioned medium (n = 6). Genes that were significantly modified by $1.5-fold, as assessed, using student's t-test followed by Benjamini-Hochberg FDR correction were imported into Ingenuity Pathway Analysis software. The table shows the top 5 canonical pathways identified from genes differentially expressed by $1.5-fold in PBMCs treated with 10% CSE. The P-value for association of genes and the described canonical pathways, and the ratio of significantly differentially expressed pathway components compared to the total components in that pathway was generated using Fisher's exact test. doi:10.1371/journal.pone.0030120.t006
identified using unpaired t-test (p,0.05) with Benjamini-Hochberg False Discovery Rate (FDR) correction for single group comparisons [57] . Where more than one group were analysed, a one-way analysis of variants followed by a Tukey's post-hoc test and BenjaminiHochberg FDR correction was used. Significantly differentially expressed genes at each fold-change cut-off were used to generate hierarchical clustering plots using Pearson's centred correlation and Ward's linkage rule, and were displayed as heat maps.
Data sets consisting of genes significantly altered by $1.5-fold (compiled on GeneSpring GX11.3) were uploaded onto Ingenuity Pathway Analysis (IPA; Ingenuity H Systems, www.ingenuity.com) and mapped to Ingenuity's Knowledge Base. The significance of the association between the dataset and the canonical pathways were measured using a ratio of number of genes from the dataset that map to the pathway divided by the total number of genes in that pathway and p-value was generated using the Fisher's exact Table 7 . Genes observed to be differentially expressed by $2-fold in THP-1 monocytes in response to cigarette smoke were also differentially expressed in previous studies examining the effects of cigarette smoke on various cell types in vivo and in vitro. Observed in monocytes, 4 Observed in macrophages, 5 Observed in oral leukoplakia, 6 Observed in peripheral blood mononuclear cells (PBMCs), 7 Observed in bronchioalveolar lavage (BAL), The symbol LOC3898186* is a predicted cDNA sequence similar to LOC3898186. doi:10.1371/journal.pone.0030120.t007 Figure 12 . Top 5 canonical pathway gene interactions in PBMCs treated with 10% CSE for 24 hours. The top 5 canonical pathways identified from genes differentially expressed by $1.5-fold in PBMCs treated with 10% CSE. RNA was extracted from each sample and gene expression levels were measured using the Illumina HumanRef8-v3 BeadChip Array and genes that were modified by $1.5-fold and significantly changed according to student's t-test followed by Benjamini-Hochberg FDR correction were imported into Ingenuity Pathway Analysis software.
Interactions of these genes are represented in the figure. doi:10.1371/journal.pone.0030120.g012
test. A threshold of 0.10 was used to indicate canonical pathways that are significantly represented by genes in a gene list. Database searches using PubMed, GeneCards and other sources were performed to identify differentially expressed genes from the current study that were also found to be differentially expressed or important in the response to cigarette smoke in previous studies.
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